Abstract-This paper deals with the utilization of Artificial Neural Networks (ANN) methodology in the design of microstrip antennas with prespecified operational features. A printed annular ring antenna, textured by slits, was designed in a multilayered dielectric substrate. The operational features of the antenna depend on the width and the position of the slits, the values of the structural parameters and the feed position. In this work a solution of the inverse problem, namely to find out the proper combination of all these parameter values which would yield the desired frequency response, was given via a Multiple Layer Perceptron (MLP) Neural Network.
INTRODUCTION
Microstrip antennas are used in a wide range of mobile communication applications which demand multi-band and/or wide band frequency operation, high power gain, omnidirectional radiation patterns etc.. Therefore the design of printed antennas suitable to meet the requirements of multiple operational services becomes a difficult task. Multiband microstrip antennas have been developed in the past using various techniques [1] [2] [3] [4] . Recent works have shown that printed antennas e.g., fabricated in multilayered substrates or/and shape configured, [5, 6] , provide the ability to achieve multifrequency operational characteristics. The difficulty in designing these antennas is due to the high number of physical parameters which they have. Therefore the number of the appropriate values that they must have, in order the antenna to exhibit the desired response, is also large. Artificial Neural Networks (ANN) were proved to be a useful tool for the design of printed antennas. The resonate frequency the radiation pattern as well the input impedance of the radiating element have been accurately calculated [7, 8] via Neural Network algorithms.
In the work at hand a printed ring antenna was designed in a three layered substrate ( Figure 1 ). The inherent advantage of a ring antenna is its property to resonate for a diameter less than λg/2 (λg is the guiding wavelength of the equivalent linear microstrip line having width equal to that of the ring). This attribute means a physical size smaller than the size of the respective circular disc resonating at the same frequency. The basic problem of a probe fed ring on a single dielectric layer was initially solved. To approximate the associate resonate frequencies of the three layer antenna, the effective dielectric constant of the structure was used. The modification of the ring shape, via slits, would increase the frequency bandwidth if the slits were notched on proper positions and had suitable dimensions. The frequency performance is also affected by the dielectric constant values and the heights of the substrates. The inverse problem that is to find the proper values of the antenna parameters in order to have a desired frequency response was solved via an MLP artificial neural network.
FORMULATION

Printed Ring Solution
The spatial domain electromagnetic problem of a probe fed annular ring antenna, printed on a single dielectric layer substrate, was solved via the Green's Function technique [9] . The Green's Function, G(ρ, ϕ|ρ , ϕ ), was expanded in series of the eigenfunctions of the associate differential equation in the cylindrical coordinate system and it was found that it takes the form where C Jn and C Y n are constants produced via the ortho-normalization process of the eigenfunctions. In order the orthonormal eigenfunctions to satisfy the boundary conditions, the following equation must be satisfied
where m indicates the mth zero of the equation. Equation (2) is the characteristic equation of the problem and its solution gives the frequencies at which the ring resonates, that is
In the above equation, ε is the dielectric constant of the substrate. In the problem at hand an approximate calculation of the resonate frequency can be done, via Equation (3), if the effective dielectric constant of the three layer substrate is used for ε. This effective dielectric constant is calculated considering a microstrip line that has width equal to the width of the ring and is embedded in the same multiple layer substrate.
The Neural Network Solution
The determination of the frequency performance, e.g., the scattering coefficient at the input of the antenna versus frequency, if its structural characteristics are given, is a 'direct' procedure. Various techniques exist and accurate results can be derived. However the determination of the structural parameter values for a pre-specified operation, is a problem for which analytical expressions do not exist. This inverse procedure is complicated and non linear. Therefore the utilization of a Neural Network technique would be advisable for its solution. In the present work the MLP architecture is used ( Figure 2 ). The input of the NN can receive patterns of the antenna input reflection coefficient, versus frequency, and its output responds giving the associate structural parameters. The MLP-NN is trained via a backpropagation algorithm [10] and consists of three layers: the input layer, the hidden one and the output layer containing M , K and J nodes respectively. A supervised learning strategy is applied. So, for each input pattern x(p) containing the reflection coefficient values, an output pattern of the values of the respective structural antenna parameters, by which the input values were calculated, is presented to the network. The target of the learning procedure is, when the pth input pattern is presented to the network, the output values y o j (p), j = 1 . . . J, to be equal to the respective pth output pattern values. The criterion for this convergence are the values of the error function defined as
where d j (p) is the pth output pattern, w nt q represents the synaptic weight from nth neuron of the qth layer towards the tth neuron of the next layer x p i represents the ith element of the pth input pattern and F h m is the activation function of the mth layer. During the training phase the network changes its weights so that the above function is minimized. It is realized by the gradient descent procedure [10, 11] via which the weights change by an amount proportional to the negative gradient of the error function, that is ∆w(p) = −η∇E p (w) + α∆w(p − 1). The constant of proportionality, η, is the learning rate and α is the momentum constant.
RESULTS
The ANN that was used for the design of the ring antenna contains M = 144 input nodes, K = 144 nodes in the hidden layer and J = 12 output nodes. The output nodes correspond to the parameters: 2 and h 3 of the antenna (see Figure 1) .
For the training of the network, a collection of 144 input patterns was created. The values of each input set were the reflection coefficient values at the input of the antenna, calculated via simulation at 144 different frequencies between 1 GHz and 3.5 GHz. The parameter values of the antenna were properly chosen in order the resonate frequencies to be inside this frequency range. To ensure this fact, a theoretical assessment of the resonate frequency via Equation (3) was made a priori for each set. The effective dielectric constant contained in the equation was computed using a quasi-static technique. The ring was fed by a 50 Ohms probe and the simulation was made via a software based on the Method of Moments. It is noticed that the creation of slots on the surface of the patch causes a shifting of the resonate frequencies. This is not so important because the exact frequency response was received via simulation.
Initially, training sets with few pairs of input-output patterns were used. The number of pairs was gradually increased, by six patterns, with intense to minimize the Root Mean Square (RMS) of the error function of Equation (4).
Via 144 training pairs an RMS value of 1% was obtained. More increase of the number of patterns did not reduce the above RMS value. The values of the parameters used in the training collection, range as shown in Table 1 . In all training sets the total substrate height, namely (h 1 +h 2 ), was high, larger than 10 mm, and the values of dielectric constants less or equal to 3.5 that is the NN was trained with wideband frequency antennas. During the aforementioned procedure the smallest RMS values were obtained using a) as activation function the hyperbolic tangent type, g(x) = 1 − e −2x / 1 − e 2x b) learning rates η = 0.1 for the weights from the input to the hidden layer, η = 0.05 from the hidden to the output layer c) momentum α = 0.05 and d) an epoch size equal to 32.
Indicative results received by the network are presented in Figures 3 and 4 . In both cases desired reflection coefficient patterns with dual frequency band operation (e.g., at frequencies of GPS or in bands of WLAN applications) were presented to the trained network. For each frequency band the desired reflection patterns were composed by curve fitting and under the constraints of specified frequency bandwidths at −10 dB, at −5 dB and at −3 db and also the minimum values of the pattern. Then each one of the patterns was sampled at 144 distinct frequencies and the set of samples was presented to the NN as input pattern. The output of the NN gave the structural parameter values by which the desired performance could be obtained. For the verification of these results, printed antennas were composed by these values and were simulated. The results are presented in Figures 3 and 4 . In the last step of the procedure the above simulated reflection coefficient patterns were presented to the input of the NN. The new structural parameter values, received at the NN output, were used for the construction of new antennas, the frequency response of which is depicted in the associate figures. It is observed that both solutions, received by the NN, converge giving resonances inside the desired frequency region.
In Figures 3 and 4 the gain patterns of the antennas constructed via the first solution of the network are illustrated. The gain patterns of the second antennas are almost similar to those of the respective first ones. The structural parameters of the first and second antennas are included in Table 1 .
It was ascertained that the NN can not find a solution for any pattern presented at its input e.g., a) for a dual-band frequency operation, the separation of frequency bands must be greater than 1GHz b) at the lower frequency band, bandwidth less than 7% can be achieved and at the higher one it can not exceed the 16% (nevertheless it is greater than that obtained for a single dielectric layer printed antenna [12] . Concerning to the gain patterns all three antennas appear similar distribution of the radiated power on both main planes. At frequencies up to 2 GHz the radiation is broadside, the maximum gain values are about 9 dB and the half power beam-widths (HPBW) large. At larger frequencies the directions of maxima appear at thirty or more degrees far from the broadside, the maximum gain values are up to 6 dB and gain values greater than 0 dB exist at small elevation angels above the plane of the antenna.
CONCLUSION
In the paper the Artificial Neural Network methodology was employed for the design of microstrip antennas with pre-specified operational features and it was proved that it can efficiently give solutions for this inverse problem. In all cases the ANN gave correct answer when, in the desired reflection coefficient pattern, the frequency separation between the resonate regions was at least 1 GHz. This fact and also the upper limit values of the obtained bandwidths depend mainly on the shape of the printed elements and a few on the regions of the antenna's parameter values by which the ANN was trained.
